Abstract The 1999 M w 7.1 Hector Mine mainshock showed right-lateral strikeslip faulting, with an initial strike of N6ЊW and vertical dip. The mainshock was preceded within 20 hours by 18 recorded foreshocks of 1.5 Յ M Յ 3.8 within a few kilometers distance of the mainshock hypocenter. The aftershocks delineate how the Hector Mine earthquake ruptured with strike N6ЊW to the south for a distance of 15 km, and possibly to the north for a distance of several kilometers. The two largest aftershocks of M 5.9 and M 5.7 occurred near the north and south ends of the first mainshock rupture segment. The second segment of rupture, starting 15 km to the south away from the mainshock hypocenter, delineated by strike-slip and thrustfaulting aftershocks, extends 10 km farther away with a strike of S140ЊE along the Bullion fault. The aftershocks also outline an unusual third rupture segment, extending from about 5 km south of the hypocenter with a strike of N30ЊW to N35ЊW for a distance of 20 km. Approximately 10 to 25 km farther to the north and west of the mainshock epicenter, several clusters form a complex aftershock distribution. Threedimensional Vp and Vp/Vs models of the region exhibit only small regional changes, as is typical for the Mojave region. Nonetheless, the mainshock rupture started within a region of rapidly varying Vp, and at least three regions of low Vp/Vs are imaged within the aftershock zone. The rate of decay for the Hector Mine earthquake sequence has been slightly above the mean for both p-values and b-values in southern California. The focal mechanisms of the aftershocks and the state of stress are consistent with strike-slip faulting, including a component of normal faulting most prominent to the north. The orientation of the regional maximum horizontal stress, the variation in orientation of the mainshock fault segments by 30Њ, and scattered distribution of aftershocks suggest that the mainshock and aftershock deformation field exhibit volumetric shear deformation accommodated by complex conjugate sets of strike-slip faults.
Introduction
The 1999 Hector Mine earthquake sequence occurred near the eastern edge of the eastern California shear zone (ECSZ), an 80-km-wide, more than 400-km-long zone of deformation that cuts across southern California (Dokka and Travis, 1990a) . This zone extends into the Owens Valley and Death Valley regions and may accommodate as much as 12 mm/yr of the plate motion between the Pacific and North American Plates (Sauber et al., 1994) . Previously, the 1947 M 6.5 Manix earthquake occurred approximately 50 km north of the Hector Mine earthquake ( Fig. 1 ; Doser, 1990) . In contrast, during the 1990s, three earthquakes of M Ͼ6 have occurred near the southernmost extent of the ECSZ. These earthquake sequences illuminate the slip transfer zone between the ECSZ and the San Andreas fault to the south.
The 1992 Landers sequence began with the M w 6.1 April 1992 Joshua Tree sequence and a migration of seismicity to the north. This seismicity culminated in the occurrence of the 28 June M w 7.3 Landers earthquake, which was followed within 3 hours by the M w 6.3 Big Bear aftershock (Hauksson et al., 1993) . The October 1999 Hector Mine mainshock occurred within 8 years of the June 1992 M w 7.3 Landers earthquake. The epicentral distance between the two events is about 50 km, and the closest points between the two ruptures are about 20 km apart (Fig. 1 ). These two rupture zones are in an en echelon relationship within the ECSZ, with a 50% overlap in the ruptures. Both the temporal and spatial proximity suggest that these two events are related. Parsons and Dreger (2000) speculated that the Landers mainshock somehow triggered the Hector Mine earthquake through elastic stress transfer. Alternatively, Deng et al. (1998) showed that the region is characterized by rapid postseismic deformation rates, and thus viscous flow in the Jennings (1994) and the Hector Mine surface rupture from Treiman et al. (2002) . fornia Seismic Network (SCSN/TriNet) that recorded data used in this study. The two stations shown as triangles were installed about 2 weeks after the occurrence of the mainshock. Surface rupture for the M w 7.1 Hector Mine earthquake is also shown (Treiman et al., 2002). lower crust and upper mantle may have contributed to the occurrence of the Hector Mine earthquake.
Although the Landers and Hector Mine earthquakes occurred in the same geographic region, their detailed rupture behaviors and aftershock distributions are significantly different. The Landers mainshock ruptured from south to north, jumping across fault steps as large as 5 km (Hauksson et al., 1993; Sieh et al., 1993) . The Hector Mine earthquake ruptured from north to south along at least three different, contiguous fault segments (Ji et al., 2002; Treiman et al., 2002) . The spatial distribution of aftershocks to the Hector Mine earthquake is more diffuse than that of the Landers event, and the focal mechanisms of the aftershocks are more diverse. In part, these features may be influenced by the network of existing faults, the crustal strength profile, the background regional stress, and possible influence of past large earthquakes in the ECSZ. We synthesize and interpret the seismological observations from the 1999 M w 7.1 Hector Mine earthquake sequence, including occurrence of the foreshock sequence, spatial and temporal distribution of aftershocks, and the state of stress inferred from focal mechanisms. We determine 3D Vp and Vp/Vs models and use these models in a 5-km horizontal and 4-km vertical grid to relocate the sequence. We also use these models to calculate refined first-motion focal mechanisms and use stress inversion methods to invert for the state of stress and style of faulting from the focal mechanisms.
Data and Methods
The P and S arrival-time data used in this study were recorded by the Southern California Seismic Network, operated by the U.S. Geological Survey and the California Institute of Technology (SCSN/TriNet) (Fig. 2) . The SCSN/ TriNet has recorded more than 16,000 Hector Mine aftershocks through December 2000. All of these events have been processed by SCSN and are included in this study.
Using the coarse 40-km grid model from Hauksson (2000) we interpolate for a 5-km horizontal grid and determine 3D Vp and Vp/Vs models for the general vicinity of the Hector Mine and Landers earthquakes. We use the inversion method of Thurber (1993) and the detailed approach described in Hauksson (2000) . These models are used to relocate the seismicity in the area of the Hector Mine earthquake sequence from 1981 through December 2000. The Vp and Vp/Vs models include both the 1992 Landers and the 1999 Hector Mine aftershock zones and thus have ample data to constrain the models.
The Hector Mine sequence occurred near the eastern edge of the SCSN, with the closest station located 26 km away from the mainshock and had less dense station coverage than was available for the 1992 Landers sequence (Fig.  2) ; however, because the velocity structure of the region is fairly uniform, the focal depths and mechanisms are quite stable. The northern part of the sequence is better constrained in depth because the closest station is located at the northern edge of the aftershock zone. About two weeks into the sequence, two more short-period stations were added to the SCSN; these improve the determination of focal depths located towards the center and to the southern part of the aftershock zone. To test the stability of the depth determination, we assign a starting depth of 8 km for all the events and show that the overall depth distribution did not change significantly. The final depths are determined by using the SCSN/TriNet depths as starting depths. Shallow aftershocks with depths of less than 2 to 4 km, however, do not have well-constrained depths. During the final relocations, the 3D Vp and Vp/Vs models were allowed to vary, using strong damping. These model perturbations absorbed about 20% of the remaining root-mean-square travel-time residuals.
We use the grid-searching algorithm and computer programs by Reasenberg and Oppenheimer (1985) to determine more than 1400 first-motion, lower-hemisphere focal mechanisms. We included background seismicity, foreshocks, mainshock, and aftershocks with 12 or more first motions. The foreshocks, mainshock and M Ն4.5 aftershocks are shown in Figure 3 . In most cases, the first-motion focal mechanisms are well constrained, although the median uncertainties in strike, dip, and rake of the focal mechanisms are 30Њ, 40Њ, and 60Њ, respectively, for the whole data set. We use the methods of Michael (1984) to determine the state of stress, using first-motion focal mechanisms from the background seismicity (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) , the foreshocks, and the aftershocks.
Results

Premainshock Seismicity
Before the Landers earthquake, the SCSN did not record any significant seismicity within 5 to 10 km distance of the future epicenter of the Hector Mine earthquake. In contrast, the 1992 M w 7.3 Landers earthquake triggered a cluster of earthquakes near the future Hector Mine hypocenter (Fig.  4) . These events occurred in two distinct temporal clusters (Fig. 5a ). The first started on 28 June 1992, with the largest earthquake of M 5.4, and ended in early 1994. It was located 3 km west of the Hector Mine earthquake, with a northwest trend. The largest event had a focal mechanism with obliquethrust faulting. The second cluster lasted from August 1996 to January 1997, with the largest earthquake of M 4.3 (Fig.  5a ). It was located east of the later-mapped Lavic Lake fault, in a tight 1-km-wide cluster, 1 km west of the Hector Mine mainshock (Fig. 4a) . The frequency of events within the two clusters decayed with time, showing normal aftershock behavior after starting with the largest event. Earthquakes in both clusters had a mixture of dip-slip (primarily reverse) and strike-slip mechanisms, often including one nodal plane subparallel to the future rupture along the Lavic Lake fault (Hauksson et al., 1993) . Both clusters had several microearthquakes recorded within 0.5 km of the future hypocenter of the M w 7.1 Hector Mine earthquake, although most of these were located at the north edge of the cluster of immediate Hector Mine foreshocks.
The aftershocks following the M w 7.1 Hector Mine mainshock that were located in the immediate vicinity of the mainshock hypocenter were mostly separated in space from the premainshock seismicity (Fig. 4b ). These aftershocks were predominantly located east of the Lavic Lake fault, well east of the earlier cluster. The aftershocks surround a zone of relative quiescence that coincided with the region of the 1996 swarm. Thus, the Hector Mine sequence does not spatially coincide with the previous background seismicity in the region. This overall pattern of seismicity suggests that the premainshock seismicity, the mainshock, and aftershocks released tectonic strains within adjacent crustal volumes, extending progressively farther to the east, into regions of decreasing tectonic strain rate (Sauber et al., 1994) .
Foreshocks and Mainshock
A total of 18 foreshocks were recorded preceding the Hector Mine mainshock, starting about 19 hours before the mainshock, with the largest foreshock of M L 3.7 occurring 7 hours before the mainshock (Fig. 5b) . These foreshocks formed a cluster within 1 km epicentral distance of the hypocenter of the mainshock (Fig. 4a ). This cluster was elongated north-south about 0.5 km, which is similar to the general relocation accuracy using the new 3D Vp and Vp/Vs models for this region of about 0.5 km. The foreshocks showed mostly strike-slip mechanisms similar to the mainshock, although these are in some cases not as well constrained (Fig. 3) .
The mainshock that occurred at 9h46m UTC on 16 October 1999 had a moment magnitude of M w 7.1 (Scientists of the USGS et al., 2000) and was located 48 km north of Joshua Tree. It was felt throughout southern California, but caused only minor damage in the remote desert areas. The seismic moment of the mainshock was 6.28 ‫ן‬ 10
19 Nm with an average stress drop of 25 bars (Ji et al., 2002) . The mainshock hypocentral depth was 5 ‫ע‬ 4 km, which has such large error because the nearest station is 26 km away. The mainshock hypocenter is located 2 km east of the main trace of the later mapped Lavic Lake fault, which strikes N35ЊW. In the immediate vicinity of the mainshock epicenter, Treiman et al. These surface breaks had the same strike as the N6ЊW nodal plane of the first-motion focal mechanism. The first-motion focal mechanism of the mainshock, which describes the very first rupture initiation, has one nodal plane striking N6ЊW and dipping 85Њ to the east, which also coincides with the orientation of the main surface break to the south. The dip of this nodal plane may be vertical, because it is constrained only to ‫01ע‬Њ. This mechanism differs from the mechanism determined from the regional SCSN/TriNet waveform data, which showed the mainshock nodal plane striking N29ЊW with a dip of 77Њ to the east (Scientists of the USGS, et al., 2000) . This difference could be attributed to the waveform focal mechanism being dominated by the waves radiated from the N30ЊW-striking segment, located 5 km to the south of the mainshock epicenter.
Aftershocks
The aftershocks are distributed across a wide region, with at least four distinct zones. In Figure 6 we show relocations of aftershock determined by applying both 3D Vp and Vp/Vs models (Hauksson, 2000) and double-difference methods (Waldhauser and Ellsworth, 2000) . A N6ЊW-striking zone extends north and south of the mainshock epicenter. A N30ЊW-striking zone parallels the Bullion fault surface rupture to the south. Another N30ЊW-striking zone extends east of the Lavic Lake fault, verging into the N6ЊW zone north of the mainshock. The fourth zone is a diffuse cluster of events, spatially separate from the rest of the aftershocks and located 10 km north of the north end of the mainshock rupture. This broad distribution of aftershocks suggests a volumetric strain release modulated by the tectonic fabric and the regional tectonic stress. The mainshock epicenter is located near the middle of this distribution, at the northern end of the N6ЊW segment.
N6ЊW-striking trends of aftershocks extend both north and south of the mainshock, but are offset from each other at the mainshock epicenter. The northern trend is offset about 2 to 3 km to the west with respect to the southern trend. The continuous southern trend ends at the Bullion fault, but picks up again for a short section 5 km south of the Bullion fault where two of the largest aftershocks (M 5.7 and M 5.0) occurred. All three of the N6ЊW-striking sections appear to have a vertical dip (Fig. 7) . In contrast, the N30ЊW-striking clusters dip to the northeast (cross sections B and E, Fig. 7 ). The southern N30ЊW cluster corresponds to the mainshock rupture on the Bullion fault and is planar enough to be assigned to that fault. This cluster also extends northwest of the intersection with the N6ЊW trend. The N30ЊW- (Wiemer, 2000) . striking cluster at Lavic Lake is more diffuse than the southern cluster, suggesting a more volumetric deformation of the block of crust between the two northern strands of the mainshock rupture surface.
Like the Landers earthquake, the Hector Mine earthquake triggered aftershocks offset to the north of the mainshock rupture. The three Hector Mine clusters, north of Interstate 40 and Lavic Lake, are about 10 km north (25% of the mainshock fault length) of the other aftershocks. (Fig.   6 ). The Barstow cluster associated with the Landers earthquake was located about 40 km (50% of the mainshock fault length) north of the other Landers aftershocks (Fig. 1) . Three major Hector Mine clusters, north of Interstate 40, had several late, large M Ͼ4 aftershocks (Fig. 6) .
The two mainshock asperities, with highest slip from Ji et al. (2002) , do not obviously contribute significantly to the distribution of the aftershocks. The mainshock first-motion nodal plane strike of N6ЊW, where about 41% of the seismic moment was released (Ji et al., 2002) , has a broad distribution of aftershocks associated with it. Further, along the N30ЊW-striking Lavic Lake fault, the area of second-highest moment release (Ji et al., 2002) , there are almost no aftershocks in the immediate vicinity of the rupture plane.
The depth distribution of aftershocks varies along the rupture zone from north to south. The aftershocks located to the north of Interstate 40, which have better depth constraints, are shallower, extending to depths of 8 to 10 km (Fig. 7) . Along the central part of the rupture, the aftershocks extend to depths of 10 to 12 km. About 30 km south of the mainshock epicenter, they extend only to depths of 6 to 8 km.
The apparent dip of fault segments, and possibly both horizontal and vertical en echelon offsets of fault segments, contribute to the complex distribution of aftershocks. The depth sections of aftershocks in Vp cross sections that are taken orthogonal to the trend of aftershocks show mostly steeply dipping aftershock distributions, which in some cases can be interpreted to have en echelon offsets in depth (Fig. 7) . The N6ЊW-striking faults are vertical, while the N30Њ to 40ЊW-striking segment of the Lavic Lake fault dips 80Њ to 90Њ to the east (Figs. 7B and C). Similarly, to the south, in cross sections D and E, the N30ЊW Bullion fault appears to have a dip of 70Њ to 80Њ to the east. An alternative interpretation, supported by dips of nodal planes of aftershock focal mechanisms, as discussed later, is that all of these fault segments are vertical and an apparent dip is created by en echelon offsets in depth.
3D Vp and Vp/Vs Models
The Vp velocity structure in the region of the Hector Mine earthquake sequence is similar to the average structure for the Mojave region (Hauksson, 2000) . The near-surface Vp ranges from 4.5 to 5.5 km/sec down to depths of 5 km and gradually increases to 6.2 km/sec at 10 to 14 km depth. Some minor low velocity basins can be seen within the northern near-surface part of the model. At depth, the Vp model shows a smoothly varying Vp structure, with only a few short wavelength anomalies of high or low Vp. The foreshocks and mainshock occurred adjacent to one of these anomalies of Vp contrast, with higher Vp on the east side than on the west side (Fig. 7) .
In some cases these Vp anomalies also appear to influence the distribution of aftershocks, although there is not a simple relationship between the depth distribution of aftershocks and the Vp model. To the north, where there are Figure 6 . Map view of the Hector Mine mainshock and aftershocks. Mapped surface rupture from Treiman et al. (2002) . The M Ն4.5 earthquakes are plotted as stars and their first-motion focal mechanisms are also shown, labeled with the magnitude, date, and time. The symbol size is scaled with magnitude, as is shown by the scale to the upper right. These aftershock hypocenters were refined using the double-difference algorithm of Waldhauser and Ellsworth (2000) . fewer aftershocks, the 6.2 km/sec contour extends to a shallower depth (Fig. 7a) . The aftershock density decreases significantly as the Vp increases from 6.2 to 6.4 km/sec, which probably coincides with the bottom of the mainshock rupture (Ji et al., 2002) . At depths greater than 15 km, where there are fewer aftershocks, the model is not well resolved, as indicated by the 0.3 contour of the diagonal element of the resolution matrix.
The Vp/Vs model is similar to the average Vp/Vs structure in the Mojave Desert region, as well as elsewhere in southern California (Hauksson, 2000) . The final model has Vp/Vs in the range of 1.62 to 1.82, reflecting the subtle variations in the crustal structure (Fig. 8) . In general, the geometrical shapes of the Vp/Vs anomalies are different from the shapes of the Vp anomalies, with at least three low Vp/ Vs anomalies along the strike of the mainshock rupture, in the depth range of 5 to 12 km. Because these anomalies are mostly of low Vp, they may be indicative of quartz-rich granitic intrusions (McCaffree Pellerin and Christensen, 1998) . The Vp/Vs anomalies from 10 to 15 km depth are tabular in shape and suggest alternating layers of high and low Vp/Vs. These layers may be related to rock composition or less likely to fluid-filled cracks. Possible small changes in rock composition with depth that may include intrusive mafic rocks in the lower crust are sufficient to explain these anomalies. Mapped Miocene and Holocene volcanic rocks in the region are evidence for the presence of intrusive mafic rocks (Dibblee, 1967; Bortugno and Spittler, 1986) The aftershock distribution appears to be more strongly related to the Vp/Vs model than to the Vp model. The aftershocks mostly occur within regions of moderate Vp/Vs values, but are absent within regions of very low or high Vp/ Vs. The cross sections, taken orthogonal to the rupture, show lateral variations in the Vp/Vs model. In particular, near the hypocenter of the mainshock, the high Vp/Vs occurs to the west but the high Vp occurred to the east. Similarly, the zone of dipping aftershocks beneath the Bullion fault coincides with a region of intermediate Vp/Vs, with a region of high Vp/Vs to the west (Fig. 8C) . The high Vp/Vs on the west side of the mainshock rupture may be related to the presence of a Jurassic diorite body to the west (Langenheim and Jachens, 2002) . Thus, most of the Vp/Vs spatial variations may be related to changes in composition, and the mainshock rupture may mostly control the distribution of aftershocks.
The role of fluids in the physics of earthquakes in southern California is poorly understood. Small changes in rock composition in the region of the Hector Mine earthquake are sufficient to explain the Vp and Vp/Vs anomalies; the presence of fluids is not required. In a different study, Zhao et al. (1996) determined tomographic Vp and Vp/Vs models and, based on a high (up to 6%) Poisson's ratio anomaly, suggested the presence of fluids at the hypocenter of the 1995 M w 7.2 Kobe earthquake in Japan. In a study of seismicity beneath the eastern North Island of New Zealand, Reyners et al. (1999) suggested that background seismicity and in some cases aftershocks occurred in volumes of intermediate Vp/Vs, surrounding the mainshock rupture zone of high Vp/Vs. Although a similar pattern may exist for the Hector Mine earthquake, it cannot easily be resolved with existing data.
Aftershock Statistics
The aftershocks of the Hector Mine sequence have followed a normal pattern of decay. The rate of aftershocks can be described by
where M is the magnitude of the aftershock, M m is the magnitude of the mainshock, t is time since the mainshock, and a (a-value), b (b-value), p (p-value), and c (c-value) are parameters (Reasenberg and Jones, 1989) . The rate of decay for the Hector Mine sequence was slightly above the mean for southern California, with a p-value of 1.11 ‫ע‬ 0.06. The b-value was also above the mean, at b ‫ס‬ 1.04 ‫ע‬ 0.07. The three large aftershock sequences in the Mojave Desert in the 1990s have similar bulk aftershock parameters. Although there are significant local spatial variations in the b-and p-values along strike of the fault planes (Wiemer et al., 2002) , these parameters averaged over the whole sequences for Joshua Tree (M 6.1, 1992), Landers (M 7.3 1992) , and Hector Mine are quite similar (Table 1 ). This might suggest that the bulk p-and b-values result from the shared local tectonics of these sequences. In contrast, the avalue, a measure of the overall productivity of the aftershock sequences, varies significantly, with Joshua Tree having the highest and Hector Mine the lowest values. This could be interpreted as a decrease with time, or a decrease with lower strain rate as the distance from the San Andreas fault increases.
Focal Mechanisms of Aftershocks
The focal mechanisms of the aftershocks are diverse, although strike-slip and normal-faulting focal mechanisms are most common. Of the 21 large aftershocks of M L Ն4.5 that have first-motion focal mechanisms available, 19 exhibit mostly strike-slip faulting. The strike of these aftershocks corresponds with its location in a N6ЊW or N30ЊW trend ( Table 2) . Many of the M L Ն4.5 aftershocks occurred in pairs within dense clusters of aftershocks that are located towards the end of rupture segments or in regions of bends in the fault rupture (Fig. 6) .
Similar to the first-motion focal mechanism of the mainshock, the hypocenters of the second largest aftershock of M L 5.7 and a M L 5.0 aftershock define a N6ЊW trend, 18 km south of the mainshock (Fig. 6) . Both of these aftershocks occurred about 2 km south of the mapped surface rupture in the offset N6ЊW cluster. This trend also coincides in strike with the M L 4.7 and M L 4.6 aftershocks, 11 and 21 km to the north of the mainshock, respectively. Thus, the influence of the N6ЊW strike of the mainshock faulting extends over a distance of almost 40 km. In contrast, the largest aftershock of M L 5.8 that occurred within 13 minutes of the mainshock and was located 9 km to the north-northwest at a depth of 14 km, had a strike of N30ЊW (Fig. 6 ). The dip of the N30ЊW-striking nodal plane is 90Њ, suggesting that this aftershock occurred on a subparallel fault to the Lavic Lake fault that ruptured in the mainshock. This observation of nodal plane dip is important because it contradicts the interpretation that the aftershocks along the Lavic Lake fault dip to the east. Toward the south end of the N30ЊW segment of the Bullion fault, a cluster of aftershocks occurred, including M L 4.8 and M L 4.6 at the end of the mapped surface rupture. These both had a strike of N35ЊW. The two dip-slip M Ն4.5 events are located in the region to the north and northeast of the mainshock, near the edge of the densest part of the aftershock distribution (Fig. 6) . One exhibits north-northweststriking thrust faulting and the other north-northeast-striking normal faulting. To the west of these events, the N35ЊW-striking north branch of the Lavic Lake fault has no large aftershocks for a distance of 15 km. The focal mechanisms in the cluster of aftershocks north of the surface rupture and Interstate 40 are more diverse, with a mixture of strike-slip and normal faulting. The strike of the right-lateral plane in the strike-slip mechanisms is much more variable than in the region surrounding the mainshock rupture surfaces.
The first motion focal mechanisms for more than 1400 aftershocks show a distribution as complex or more than the M Ն4.5 events already discussed. A sample of focal mechanisms from the south-central rupture segment is shown in Figure 9 . Along the N6ЊW trend defined by the mainshock nodal plane, there are several events with similar strike-slip solutions. In their immediate vicinity both normal and thrust faulting mechanisms occur. These dip-slip mechanisms have either northeast-, north-, or northwest-striking nodal planes. This diversity continues to the south along the Lavic Lake fault as it merges with the Bullion fault. The focal mechanisms along the northwest segment of the Bullion fault are predominantly normal faulting, consistent with counterclockwise rotation of the adjacent Bullion Mountains western block (Fig. 9) .
State of Stress
We invert focal mechanisms from both the preseismicity and the aftershocks for the state of stress, to identify both temporal and spatial variations in the regional stress field (Table 3) . In all cases, the stress state is well constrained, with 95% confidence limits of approximately ‫01ע‬Њ. Most of the stress changes consist of variations in the trend of the two horizontal principal stresses, the maximum principal stress, S 1 , and the minimum principal stress, S 3 , and small variations in the value of , the stress ratio (Michael, 1984) . In all cases, the intermediate principal stress, S 2 , remains near vertical, consistent with strike-slip faulting.
The limited spatial extent of the background seismicity makes it difficult to compare the state of stress before and after the mainshock. We chose the area shown in Figure 4 , where there was some previous seismicity, and inverted the focal mechanisms of background seismicity near the mainshock epicenter and the aftershocks (Fig. 10) . To search for possible variations in the state of stress, we divide the rupture zone into four segments, from north to south, and determine the state of stress from the focal mechanisms of the aftershocks. For each region, we invert for the orientation of the three maximum principal stresses and their relative sizes (Figs. 11 and 12) .
In general, the state of stress is strike-slip with a vertical intermediate principal stress. In the aftershocks, the maximum horizontal stress trends N42Њ to 54ЊE in the three regions to the north (A-C) and varies significantly only in the south region (D), near the Bullion fault, where it rotates counterclockwise to N25ЊE (Fig. 12) . The trend of the maximum horizontal stress for the background seismicity is N28ЊE. This agrees with the results of Unruh et al. (1996) , who used the 1992 to 1994 earthquakes to determine the azimuth of the minimum principal strain-rate axis as shortening in the direction N34ЊE. This suggests a rotation of the state of stress at the mainshock epicenter of 10Њ to 15Њ to the east during the mainshock; however, this result is not significant within the 95% confidence limits. The angle between the maximum horizontal stress and the rupture plane at the epicenter is 34Њ, thus suggesting a normal frictional value for the N6ЊW-striking fault segment.
The 17Њ to 29Њ more northerly stress direction along the south end of the rupture probably existed prior to the mainshock. If a rotation of the stress field had occurred, it would have been a rotation to the east and thus would have decreased the difference between north and south. The initial stress field forms an angle of 65Њ with the Bullion fault and thus could have contributed to the termination of the mainshock rupture. This high angle between the stress direction and the fault strike is similar to the stress direction and the strike of the Camp Rock fault at the northern end of the 1992 Landers earthquake rupture (Hauksson, 1994) .
The results of the stress inversions for the Hector Mine data are consistent with the ECSZ forming one of several stress refractors in southern California (Hauksson, 1994) . Mag, local magnitude; #PH, number of phases used in the solution; rms, root mean square residual; ERH, horizontal error; ERZ, vertical error; DDR, dip direction of the nodal plane; #FM, number of first motions; CUSP-ID, database identification number.
The 1992 Landers earthquake sequence showed similar maximum principal stress orientations as those of the Hector Mine sequence. The maximum stress direction in both sequences is rotated to the east from the northerly regional maximum stress direction. This rotation in stress directions is similar to the rotation determined from the 1981-to-1998 background seismicity by Hardebeck and Hauksson (2001) . Both geological and geodetic data show that ECSZ concentrates shear strain. This concentration of strain, together with the stress rotations in the background seismicity, Hector Mine, and Landers sequences, suggests that the ECSZ, like the San Andreas fault, is a weaker zone that modifies the regional stress field.
Discussion
The ECSZ has accommodated approximately 65 km of right shear over the last 2 to 3 Ma or 22% to 25% of the total motion along the Pacific-North America plate boundary (Dokka and Travis, 1990b) . The right-lateral shear takes place over an 80-km-broad zone of deformation, and includes the complex behavior of many major strike-slip faults and numerous dip-slip faults. Major earthquakes such as the 1992 M w 7.3 Landers and the 1999 M w 7.1 Hector Mine events vividly illustrate this crustal deformation.
Complex Conjugate Faulting
The Hector Mine mainshock ruptured along several fault segments with different orientations and was followed by an even more complex aftershock sequence. One possible interpretation of this distributed strike-slip faulting is that it was volumetric and was accommodated through slip on many different conjugate planes. First, the mainshock broke a N6ЊW fault segment for a distance of 15 km. Second, it ruptured along two segments, forming a 30Њ angle to the first trace (Ji et al., 2002; Treiman et al., 2002) . In addition, the focal mechanisms of the aftershocks exhibit a complex mixture of strike-slip and dip-slip faulting; however, the orientation of the maximum principal stress is not such that both planes are favorably oriented for faulting.
The regional tectonic stress varies across the region. The maximum horizontal stress forms a 30Њ to 35Њ angle to the The orientation of the three maximum principal stresses and their 95% confidence limits are shown; see also Table 3. N6ЊW faults where the rupture initiated and thus was conducive to failure in classical mechanics. The N35ЊW faults in the north form a 60Њ to 65Њ angle, while the N35ЊW faults in the south form a 45Њ to 50Њ angle to the maximum horizontal stress. Both of the N35ЊW faults are at a high angle to the maximum stress and would require significantly lower friction or an alternative dynamic process to sustain failure. Because the rupture started on the N6ЊW segment, it is possible that the combination of regional stress, fault strike, and coefficient of friction results in faults of similar effective strength. The complexity in aftershock focal mechanisms also suggests a similar stress field heterogeneity or dynamic fluctuations.
Relation to the 1992 Landers Earthquake
One of the many puzzling observations about the occurrence of the Hector Mine earthquake is its location, about 20 km to the east of the 1992 M w 7.3 Landers rupture. Because the tectonic strain rate decreases from west to east, away from the San Andreas fault, a more likely location might have been to the west of Landers, where the high San Andreas strain rates start to play a role. Alternatively, the next major earthquake in the ECSZ should have occurred to Figure 12 . Stress directions (crosses) determined from the focal mechanisms that are located within each of the four regions outlined by dashed lines. The longer axis is the maximum horizontal stress and the shorter axis is the minimum horizontal stress. The background stress is shown as thin lines and the epicenter of the M w 7.1 mainshock as a star. the north, extending the strain release toward the Garlock fault and into the southwestern Basin and Range province.
The seismological similarities of the 1992 M w 7.3 Landers and the 1999 M w 7.1 Hector Mine earthquakes include similar foreshock sequences (Hauksson et al., 1993) , similar initial strike of the rupture (N6Њ to 10ЊW), and rupture along many fault strands. The seismological differences between the two sequences include opposite rupture directions, more spatially distributed aftershocks for Hector Mine, and somewhat shallower faulting for the Hector Mine mainshock and aftershocks.
Both the 1992 Landers and 1999 Hector Mine earthquakes occurred on multiple strike slip faults. Sieh et al. (1993) showed that the slip in the 1992 M w 7.3 Landers earthquake extended for 85 km and was on the average 2 to 4 m, with maximum slip of 6 m. The Camp Rock fault had a slip of mostly less than 1 m. Treiman et al. (2002) show that the rupture length of Hector Mine rupture was 40 km and the average slip 1.5 m, with a maximum of 5.3 m. When the Landers rupture reached the Camp Rock fault, it appeared to involve mostly shallow faulting and was not associated with significant aftershock activity. The 1999 Hector Mine mainshock broke to the south-southeast along the Bullion fault and showed a similar behavior. The aftershocks become significantly shallower to the south, and the amount of slip decreases rapidly (Ji et al., 2002; Treiman et al., 2002) .
The spatial distribution of the surface rupture and aftershocks of the 1992 Landers and 1999 Hector Mine earthquakes may be related to a crustal heterogeneity or to existing faults. Langenheim and Jachens (2002) argued that these earthquake sequences are separated by a high density, mag-netic body extending to depths of 15 km. They interpreted the composition of this body as a mafic crustal heterogeneity consisting of Jurassic diorite. In contrast, using simple models of fault mechanics, Ron et al. (2001) suggested that both Landers and Hector Mine ruptures occurred on both old and young faults in the Mojave. They speculated that old faults were reactivated, which are currently less favorably oriented with respect to the modern regional crustal stress field. So far, the existing seismological data do not make it possible to discern between these two models.
The similarities of the two mainshocks suggest that viscoelastic deformation in the lower crust may provide a possible mechanical coupling (Masterlark and Wang, 2002; Pollitz and Sacks, 2002) . Deng et al. (1998) showed that viscoelastic flow in the lower crust was important for explaining the afterslip of the 1992 M w 7.3 Landers earthquake. Viscoelastic flow beneath a 20-km-thick crust would be consistent with the spacing of the two earthquake ruptures. Similarly, viscoelastic flow beneath the regions east of the Landers rupture would enhance a higher percentage change in strain rate than the region to the west of Landers, due to the decreasing strain from east to west.
The overall tectonic stress field appears to be similar for both earthquakes, although extensional dip-slip faulting is more common for the more northerly Hector Mine aftershocks. Both mainshocks may have caused rotations of the regional stress field. Hauksson (1994) showed that the 1992 M w 7.3 Landers earthquake rotated the maximum horizontal stress to the east by 7Њ to 20Њ. Because of the lower rate of background seismicity, evidence for similar rotations from the Hector Mine mainshock is inconclusive. The possibility of regional stress rotations suggests that the two principal horizontal stresses are of similar size, allowing the stress release of the mainshock to create apparent stress rotations. The implied lack of strong shear stresses further supports the idea of viscoelastic triggering of the Hector Mine earthquake.
Conclusions
The 1999 Hector Mine earthquake sequence was well recorded by the SCSN/TriNet. The background seismicity in the area of the Hector Mine mainshock occurred a few kilometers to the west of the mainshock fault and the immediate foreshocks. The Hector Mine earthquake sequence caused deformation over a wide area, suggesting volumetric shear deformation as opposed to deformation on a single, planar strike-slip fault. The mainshock started on a fault segment with high failure stress and subsequently grew into a larger earthquake by causing slip on fault segments that have low failure stress because they are less favorably oriented to failure. The Hector Mine aftershocks form an asymmetric spatial distribution in which the aftershocks do not center on the main surface break, with most of the aftershocks occurring to the east and north of the surface rupture and in some cases suggesting a steeply dipping fault zone. The Vp and Vp/Vs models show minor small-scale spatial heterogeneities and are similar to the average crustal structure of the Mojave Desert. The a-value, a measure of the overall productivity of an aftershock sequence, is the smallest recorded for the three sequences in the ECSZ during the 1990s.
